Introduction
The morphological events that accompany cell adhesion, polarization, and migration are controlled by members of the Rho family of small GTPases (Burridge and Wennerberg, 2004; Raftopoulou and Hall, 2004) . Initial membrane protrusion is achieved by coordinated Cdc42 and Rac1 signaling that results in fi lopodial/lamellipodial extension and focal complex formation, whereas the subsequent activation of RhoA induces the maturation of focal complexes into focal adhesions, the assembly of contractile actin stress fi bers, and cell translocation. The directionality of migration is determined by the stochastic protrusion of primary and off-axial lamellae and has been directly attributed to the level of active Rac1 (Wells et al., 2004; Pankov et al., 2005; Wheeler et al., 2006) . Currently, the signals that link changes in the ECM environment to GTPase regulation and, consequently, to migration are poorly understood.
When cells adhere from suspension to an immobilized fi bronectin substrate, a temporal wave of Rac1 activation is induced that correlates with the initial membrane protrusion observed during spreading (Price et al., 1998) and is accompanied by the sequential formation of localized adhesion signaling complexes. Because adhesion to fi bronectin is blocked by antifunctional antiintegrin antibodies, it has been proposed that integrin signaling is responsible for GTPase regulation (Jalali et al., 2001) .
In some cases, integrin engagement is not suffi cient for a complete adhesion signaling response. For example, it has been known for some time that cells attach and spread on the central cell-binding domain of fi bronectin via integrin α 5 β 1 but fail to form vinculin-containing focal adhesions unless costimulated with a heparin-binding fragment of fi bronectin (Woods et al., 1986; Bloom et al., 1999) . The transmembrane proteoglycans that bind to this fragment of fi bronectin include glypican-1 and members of the syndecan family. Unique among these receptors is syndecan-4, which is ubiquitously expressed and enriched in the focal adhesions of adherent cells (Woods and Couchman, 1994) . Syndecan-4-null cells exhibit a severe delay in adhesion complex formation on fi bronectin and an inability to respond to soluble heparin-binding ligand (Ishiguro et al., 2000; Midwood et al., 2004) , whereas disruption of the syndecan-4 gene in mice results in the delayed closure of dermal wounds, which may be C ell migration in wound healing and disease is critically dependent on integration with the extracellular matrix, but the receptors that couple matrix topography to migratory behavior remain obscure. Using nano-engineered fi bronectin surfaces and cellderived matrices, we identify syndecan-4 as a key signaling receptor determining directional migration. In wild-type fi broblasts, syndecan-4 mediates the matrix-induced protein kinase Cα (PKCα)-dependent activation of Rac1 and localizes Rac1 activity and membrane protrusion to the leading edge of the cell, resulting in persistent migration. In contrast, syndecan-4-null fi broblasts migrate randomly as a result of high delocalized Rac1 activity, whereas cells expressing a syndecan-4 cytodomain mutant defi cient in PKCα regulation fail to localize active Rac1 to points of matrix engagement and consequently fail to recognize and respond to topographical changes in the matrix.
the result of a defect in the migration of cells surrounding the wound (Echtermeyer et al., 2001 ). Engagement of syndecan-4 has been linked to the modulation of several signaling pathways, including the direct activation of PKCα (Mostafavi-Pour et al., 2003; Koo et al., 2006) , phosphorylation of focal adhesion kinase (Wilcox-Adelman et al., 2002) , and regulation of Rac1 during growth factor signaling (Tkachenko et al., 2006) . However, the link between syndecan-4-induced signaling events and the behavior of cells in an in vivo environment remains poorly understood.
In this study, we have examined the role of syndecan-4 in the regulation of Rac1 activity during adhesion and migration. Our data demonstrate essential roles for syndecan-4 in both the spatial localization of Rac1 activation in response to ECM engagement and in initiating signaling events that determine directionally persistent migration. These results provide a possible explanation for the defective cell migration observed during wound healing in the syndecan-4 knockout mouse.
Results

Engagement of syndecan-4 is essential for the activation of Rac1 during cell spreading
When plated onto plasma fi bronectin, which acts as a ligand for both integrin α 5 β 1 and syndecan-4 (Danen et al., 1995; Tumova et al., 2000) , primary human fi broblasts attached over a 10-min period and extended membrane protrusions until, after 120 min, both cell and adhesion contact areas had stabilized. During spreading, a wave of Rac1 activity was detected that peaked between 60 and 90 min and returned to starting levels by 120 min (Fig. 1 A) . Surprisingly, when cells were plated onto a recombinant 50-kD fragment of fi bronectin (50K) encompassing the binding sites for integrin α 5 β 1 alone (Danen et al., 1995) , Rac1 was not activated during the spreading period ( Fig. 1 B) , and cells failed to form vinculin-containing adhesion complexes. The contribution of syndecan-4 to Rac1 activation was tested directly by examining the adhesive behavior of immortalized syndecan-4-null mouse embryonic fi broblasts (MEFs). These cells failed to activate Rac1 during spreading on whole fi bronectin (Fig. 1 D) , demonstrating that the Rac1 defect was specifi c to syndecan-4 engagement and was not a consequence of the conformational disruption or density of the 50K in tegrin ligand. Immortalized MEFs from wild-type syndecan-4 +/+ littermates exhibited a similar profi le of Rac1 activation to primary human fi broblasts (Fig. 1 C) , and Rac1 regulation was restored to null MEFs by the expression of full-length human syndecan-4 (Fig. 1 E) . The effect of syndecan-4 on the expression of other matrix receptors that might contribute toward Rac1 regulation was assessed by fl ow cytometric analysis and revealed that neither disruption nor reexpression of the syndecan-4 gene had any effect on the surface expression of syndecans-1 Figure 1 . Engagement of syndecan-4 is essential for activation of Rac1 during adhesion to fi bronectin. GTP-Rac1 levels during cell spreading or in response to H/0 were measured by effector pull-down assays in combination with quantitative Western blotting using fl uorophore-conjugated antibodies. (A and B) Primary human fi broblasts were plated onto fi bronectin (A) or 50K (B), and lysates were prepared after appropriate time periods. (C-E) The necessity of syndecan-4 expression for Rac1 regulation during spreading on fi bronectin was tested using wild-type (C), syndecan-4-null (D), or syndecan-4-null transfected with full-length syndecan-4 cDNA MEFs (E). (F) Relative levels of GTP-Rac1 were directly compared between cell lines either fully spread (120 min) or during spreading on fi bronectin for 60 min.
(G) Rac1 activation in response to soluble H/0 in primary fi broblasts prespread on 50K. Equivalent loading between experiments was confi rmed by blotting crude lysates for total Rac1 and vinculin. Axes are given in arbitrary units assigned according to the relative activity of fully spread cell lines. Each panel is representative of at least four separate experiments, and error bars indicate SEM. Asterisks indicate signifi cant activation (*, P < 0.05).
or -2 or the integrin α 5 or β 1 subunits (Fig. S1 , available at http://www.jcb.org/cgi/content/full/jcb.200610076/DC1), thereby confi rming the specifi c role for syndecan-4 in Rac1 regulation.
The defect in Rac1 signaling appeared to contradict a previous report that Rac1 activity is elevated in syndecan-4-null cells (Saoncella et al., 2004) . Therefore, we directly compared the steady-state level of activity in each MEF line. In agreement with Saoncella et al. (2004) , GTP-Rac1 in fully spread cells was indeed elevated by 2.3-fold upon disruption of syndecan-4 (P = 0.0006; Fig. 1 F) , resulting in constitutive activity that was comparable with the peak activity of wild-type MEFs spreading on fi bronectin. The constitutive Rac1 activity of null MEFs suggests that syndecan-4 regulates Rac1 by suppressing GTP loading and that Rac1 inhibition is transiently released during periods of ECM engagement.
To complement analyses with immobilized ligands, we examined the effect of a soluble syndecan-4 ligand on Rac1 activity of adherent cells. Human fi broblasts were allowed to spread on 50K for 2 h and were then stimulated with a soluble syndecan-binding fragment of fi bronectin comprising type III repeats 12-15 (H/0; Sharma et al., 1999) . Within 10 min of H/0 addition, the total pool of Rac1 was transiently activated by 52 ± 10% (P = 0.04; Fig. 1 G) before returning to basal levels by 30 min. The Rac1 activity of unstimulated cells remained constant over the same time period. The accelerated response to soluble H/0 compared with Fig. 1 A was probably a consequence of the cells being fully spread before stimulation. Although syndecan-4 engagement acted as the trigger for elevated Rac1 activity, integrin engagement appeared necessary, as cells in suspension failed to elicit a Rac1 response to H/0 (Fig. S2 A, available at http://www.jcb.org/cgi/content/ full/jcb.200610076/DC1). Collectively, these data demonstrate that integrin engagement is insuffi cient for the wave of adhesiondependent Rac1 activation and defi ne syndecan-4 as the receptor that modulates outside-in activation of Rac1 in response to fi bronectin engagement.
To test the adhesion specifi city of syndecan-4-induced Rac1 activation, we tested the effect of other stimuli on GTP loading. PDGF stimulation of wild-type MEFs caused an increase in Rac1 activity that was comparable in magnitude to stimulation with H/0 (Fig. S2 B) . Syndecan-4-null MEFs exhibited a similar response to PDGF, the elevated Rac1 activity before stimulation notwithstanding (Fig. S2 C) . The ability of null MEFs to respond to PDGF is important, as it reveals that failure of the cells to respond to fi bronectin is not simply a consequence of the saturation of Rac1 with GTP and, therefore, reinforces the dynamic role of syndecan-4 in signaling downstream of matrix engagement.
Relationship between syndecan-4,
Rac1, and cell morphology
Both the engagement of syndecan-4 and Rac1 activity has been closely linked to the processes of cell spreading and adhesion complex formation (Woods et al., 1986; Burridge and Wennerberg, 2004) , and, consequently, we examined the effect of syndecan-4 engagement on both of these events. Neither the rate of spreading nor the fi nal area of primary fi broblasts was compromised during adhesion to 50K compared with fi bronectin (Fig. 2 A) , nor was spreading compromised upon the disruption of syndecan-4 expression in MEFs (Fig. 2 C) . The ability of cells to spread without initiating a wave of Rac1 activation demonstrates an intriguing divergence between the signals that are responsible for regulating membrane protrusion and adhesion complex maturation. The level of Rac1 activity in cells adhering to 50K or in syndecan-4-null cells appeared both suffi cient and necessary for membrane protrusion, as the complete inhibition of Rac1 using a dominant-negative mutant blocked cell spreading altogether (unpublished data).
As reported previously, a majority of fi broblasts spread on 50K failed to form vinculin-containing adhesion complexes (Fig. 2 , B, D, and H) even at high ligand density and despite forming integrin clusters (Mostafavi-Pour et al., 2003; Bass et al., 2007) . Stimulation of the prespread cells with a syndecan-4 ligand resulted in a biphasic response that correlated with Rac1 regulation. Within 10 min of H/0 stimulation, at the peak of Rac1 activity, fi broblasts formed numerous small adhesion complexes at the cell periphery, and, as Rac1 activity decayed, the adhesion complexes elongated and colocalized with the termini of newly bundled actin stress fi bers. The phases of adhesion complex formation and maturation were quantitated by measuring both the total area and mean length of adhesion complexes per cell (Fig. 2, H and I ). These analyses revealed a threefold increase in adhesion area within 10 min of H/0 stimulation followed by a doubling in adhesion complex length over the next 20 min that was accompanied by only a modest supplementary increase in adhesion complex area. The specifi city of syndecan-4 as a trigger for adhesion complex formation was tested by stimulating cells with a monoclonal antibody directed against the syndecan-4 extracellular domain. Antibody addition resulted in a similar response to H/0 stimulation (Fig. 2 , G-I), whereas stimulation with a nonspecifi c IgG (Fig. 2 F) , antibodies directed against syndecans-1 and -2, H/0 complexed with soluble heparin (not depicted), or an H/0 mutant in which the heparin-binding motifs had been substituted (H/0-glycosaminoglycan; Fig. 2 E) failed to induce adhesion complex formation, as did H/0 stimulation of syndecan-4-null MEFs (Fig. 4 E ). These data demonstrate that engagement of syndecan-4 is required to drive the initial formation of adhesion complexes that act as the foundations for the later assembly of stress fi bers and mature focal adhesions and support the hypothesis that although basal Rac1 activity permits cell spreading, the syndecan-4-induced wave of activity drives focal adhesion development.
Syndecan-4 exerts opposing effects on Rac1 and RhoA
It has been reported previously that RhoA became activated in response to syndecan-4 ligands (Dovas et al., 2006) , raising the possibility that regulation of GTPases by syndecan-4 is directly linked, particularly as the fi nal read-out of syndecan-4 function was focal adhesion formation. To address the possibility, we examined the effect of syndecan-4 engagement on GTPases Cdc42 and RhoA. Unlike Rac1, Cdc42 activity did not change upon the stimulation of prespread fi broblasts with H/0 (Fig. 3 A) . In contrast, RhoA activity was modulated by syndecan-4 engagement, including both the activation of RhoA subsequent to Rac1 activation and, notably, the suppression of RhoA activity simultaneous with the wave of Rac1 activity (Fig. 3 B) . RhoA inactivation during the early stages of matrix engagement has been described previously (Arthur and Burridge, 2001 ), and the effect of H/0 suggests that syndecan-4 infl uences both Rac1 and RhoA to coordinate focal adhesion development. However, when we compared the regulation of RhoA in cells spreading on either fi bronectin or 50K (Fig. 3 , C and D), we found that adhesion to the isolated integrin ligand was suffi cient for RhoA regulation, albeit with reduced effi ciency. This result suggests that although syndecan-4 engagement contributes toward RhoA regulation, it is not essential, unlike Rac1 regulation, which is ablated in the absence of syndecan-4 ligand. As such, Rac1 appears to be the primary point of infl uence of syndecan-4 on GTPase signaling. Although several effector binding sites have been identifi ed within the syndecan-4 cytoplasmic domain (Bass and Humphries, 2002) , only the activation of PKCα by syndecan-4 has been characterized comprehensively (Koo et al., 2006) . The contribution of PKCα activation to the regulation of Rac1 was tested by substitution of Y188 in the cytoplasmic tail, a mutation that has been previously reported to block PKCα binding (Lim et al., 2003) . Substitution of a second tyrosine, Y180, was used as a negative control (Fig. 4 A) . Each mutant was expressed to endogenous levels in syndecan-4-null MEFs (Fig. S1 B) . When Rac1 activation was measured during spreading on fi bronectin, the PKCα-binding mutant Y188L was unable to initiate a transient increase in GTPRac1 (Fig. 4 B) , whereas the control mutant (Y180L) exhibited a similar profi le to wild-type syndecan-4 (Figs. 4 C and 1 E), suggesting that PKCα signaling may be critical for inducing Rac1 activation in response to matrix engagement. Interestingly, both of the syndecan-4 mutants Y188L and Y180L almost completely restored steady-state activity to wild-type levels (Fig. 4 D) , with the effect that Rac1 activity was constitutively low in Y188L mutant cells (see Fig. 9 A) .
The role of the PKCα-binding motif of syndecan-4 was also illustrated by morphological comparisons. Syndecan-4-null MEFs spread on 50K but failed to develop adhesion complexes upon stimulation with H/0, a defect that could be rescued by introduction of the wild-type syndecan-4 cDNA (Fig. 4 E) . In contrast, MEFs expressing the Y188L mutant exhibited a strikingly abnormal morphology, adopting a disclike shape with a dense cortical actin ring and numerous small vinculin clusters around the periphery of the cell that were independent of ligation of the mutant receptor (Fig. 4 E) . The fl attened morphology of the Y188L mutant meant that the fi nal area of spread cells was greater than that of cells expressing wild-type syndecan-4, yet the rate of spreading was similar (Fig. 4 F) , suggesting that protrusive signals were not compromised. We used interference refl ection microscopy to verify that the vinculin clusters formed by Y188L mutants were genuine adhesion complexes and found close correlation between the vinculin staining and the dark interference patches that represent close proximity of the membrane to the substrate (Fig. S3 , available at http://www.jcb.org/cgi/ content/full/jcb.200610076/DC1). The morphology of mutant cells not only supports the important role played by PKCα in regulating adhesion complex formation but also emphasizes the importance of syndecan-4 in cytoskeletal organization.
The role of PKCα in mediating Rac1 regulation in response to syndecan-4 engagement was tested directly by the inhibition of PKCα. Expression of PKCα was reduced to <10% by transfection with an siRNA targeted against PKCα, which showed no off-target inhibition of PKCδ, PKCε, or Rac1 expression (Fig. 5 E) . Like human fi broblasts, wild-type MEFs prespread on 50K exhibited a wave of Rac1 activation upon H/0 stimulation (Fig. 5 A) . The cycle of activation took 60 min to complete in MEFs, correlating with the fact that these cells also took 60 min to form mature adhesion complexes after stimulation (Fig. 5 F) . Notably, cells in which the expression of PKCα was suppressed by siRNA treatment or cells treated with 200 nM of the pharmacological PKC inhibitor bisindolylmaleimide I (BIM-I) failed to activate Rac1 in response to H/0 (Fig. 5, C and D) , whereas cells transfected with a nontargeting control siRNA exhibited a similar wave of Rac1 activity to the wild-type cells (Fig. 5 B) . Both siRNA knockdown and BIM-I inhibition of PKCα blocked focal adhesion formation but had no effect on the rate of cell spreading (Fig. 5 F and not depicted) , again supporting the hypothesis that the processes of cell spreading and focal adhesion maturation are distinct. Together, these data demonstrate that syndecan-4-dependent PKCα activation is required for Rac1 activation in response to the ECM. However, the constitutively low Rac1 activity of the Y188L mutant MEFs suggests that although PKCα allows activation, other features of syndecan-4 suppress Rac1 activity in the absence of ligand engagement.
Syndecan-4 directs persistent migration on cell-derived matrices
Previous investigations into cell migration have reported that levels of active Rac1 determine the ability of a cell to migrate in a straight line over a physiological substrate. For example, Rac1 activity has been reported to be lower in cells plated onto a 3D cell-derived matrix than those plated onto fi bronectin-coated plastic, resulting in persistent migration by suppressing the formation of the off-axial lamellae (Pankov et al., 2005) . Having identifi ed the matrix receptor responsible for Rac1 regulation, we hypothesized that syndecan-4 signaling might determine migration persistence. In the absence of a chemical gradient or physical constraints, cells can be proven to migrate randomly in compliance with a mathematical model of random movement in two dimensions (Gail and Boone, 1970) . Accordingly, wildtype MEFs plated onto fi bronectin coated from solution migrated in a random manner with a speed of 0.32 ± 0.0.03 μm/min over a 10-h period and a persistence of 0.39 ± 0.05 (calculated as the linear displacement of the cell divided by total distance migrated, where movement in a straight line equates to a persistence of 1). Syndecan-4-null MEFs exhibited similar values for speed and persistence (0.34 ± 0.03 μm/min and 0.31 ± 0.05, respectively), demonstrating that the loss of syndecan-4 does not compromise the ability to migrate. To confer matrixdependent directional migration and more closely recapitulate the conditions encountered in vivo, preassembled cell-derived matrices were generated from cultured fi broblasts (Pankov et al., 2005) . These matrices contained a meshwork of long fi bro nectin fi brils that acted as guidelines upon which cell lines could be reseeded and tracked (Fig. 6 A) . The migration speeds of wild-type and syndecan-4-null MEFs on cell-derived matrices were similar (0.40 ± 0.03 μm/min and 0.37 ± 0.03 μm/min, respectively), but the persistence of migration differed signifi cantly between cell lines. Wild-type MEFs migrated persistently along fi bronectin fi brils (0.66 ± 0.04; Fig. 6 , B and C; and Video 1, available at http://www.jcb.org/cgi/content/full/jcb.200610076/DC1), whereas syndecan-4-null MEFs extended protrusions along and between fi bronectin strands, resulting in the compromised persistence of migration (0.38 ± 0.05; P = 0.0001; Fig. 6, B , D, and G; and Video 2). Reexpression of wild-type syndecan-4 restored persistent migration toward a single dominant lamella (0.62 ± 0.05; Fig. 6, B , E, and G; and Video 3), suggesting that syndecan-4-null fi broblasts have an abnormal response to the topographical features of the cell-derived matrix. We would predict that if persistence is a consequence of a limited steadystate level of Rac1 rather than focused activation, as reported by Pankov et al. (2005) , cells with constitutively low GTP-Rac1 would continue in a straight line once they had started migrating. Indeed, reexpression of the PKCα-binding mutant (Y188L) did restore persistence to syndecan-4-null MEFs despite failing to rescue matrix-induced Rac1 activation (0.58 ± 0.03; Fig. 6 , B, F, and G; and Video 4).
The hypothesis that syndecan-4 suppresses the formation of off-axial lamellae through restricted Rac1 signaling was investigated by visualizing GTPase distribution using a RaichuRac fl uorescence resonance energy transfer (FRET) probe comprising the CRIB (Cdc42-Rac interactive binding) domain of p21-activiated kinase 1 (PAK1) coupled to Rac1 and fl anked by CFP and YFP fl uorophores (Itoh et al., 2002) . The total levels of active Rac1 in syndecan-4-null MEFs spread on cell-derived matrix for 4 h were elevated (P = 0.01) in comparison with wild-type or Y188L MEFs (Fig. 7 A) , allowing the behavior on cell-derived matrix to be reconciled with the biochemical data on coated plastic. FRET ratio images of MEFs spread on cell-derived matrix revealed the accumulation of active Rac1 at the leading edge of cells expressing wild-type syndecan-4, with some diffuse lower level intensity at the trailing edge (Fig. 7 B) . The distribution could be represented more accurately by measuring mean FRET intensity along the axis of the cell parallel to the matrix fi bers, demonstrating tightly localized GTP-Rac1 at the leading edge of the cell that was absent at the rear or perpendicular to the matrix fi bers. In contrast, syndecan-4-null MEFs formed numerous lamellae, both parallel and perpendicular to the matrix, which were rich in active Rac1 and might be expected to cause the cells to change direction during migration. Y188L mutant MEFs failed to accumulate active Rac1 at any point, rendering them incapable of forming dominant off-axial lamellae and resulting in persistent migration. As a control, a noninducible Y40C mutant probe was introduced into the cells and exhibited homogeneous FRET intensity across the surface of the cell, eliminating the possibility that high FRET at the periphery of wild-type or syndecan-4-null cells was caused by accumulation rather than activation of the probe in areas of increased membrane ruffl ing (Fig. 7 B) . In the same way, bleaching the CFP fl uorophore eliminated enhanced YFP emission upon excitation in the CFP wavelength despite the YFP fl uorophore remaining functional (unpublished data).
Syndecan-4 allows the cell to sense changes in the matrix environment
Although the persistent migration of Y188L mutant MEFs was consistent with the inability to form off-axial lamellae as a result of low Rac1 activity, it was surprising that the cells revealed no apparent migratory defect despite failing to activate Rac1 in response to a matrix stimulus (Fig. 4) . We hypothesized that a syndecan mutant that was unable to activate PKCα and Rac1 might fail to respond if challenged by a change in environment as a result of an inability to detect new matrix or establish a new leading lamella. This hypothesis was tested by seeding cells onto patterned glass surfaces comprising a series of 50-μm-wide fi bronectin-coated gold stripes arranged into T junctions (Fig. 8 A) that would allow cells to make turns if capable of sensing an alternative migratory path. Syndecan-4-null MEFs failed to move effi ciently along the stripes as a result of excessive random lamellipodial extension and became trapped at the junctions (Video 5, available at http://www.jcb.org/cgi/content/ full/jcb.200610076/DC1). Null MEFs reexpressing wild-type syndecan-4 migrated along the fi bronectin stripes, maintaining contact with the edges, and, upon reaching a branch point, 61 ± 7% of cells followed the edge of the stripe directly around the corner, whereas the rest continued past the apex and either continued in a straight line or collided with the opposite wall of the branch, causing them to make an indirect turn (Fig. 8, C and E; and Video 6). In contrast, only 7 ± 4% of Y188L MEFs were able to sense the branch and successfully made a direct turn, with the majority continuing past the apex (Fig. 8, D and E; and Video 7). A similar trend was seen among cells migrating along the branch toward a junction, with 78 ± 4% of wild-type-expressing cells turning at the apex but 54 ± 9% of Y188L MEFs continuing past the apex and only turning indirectly when forced to do so by collision with the opposite edge of the stripe (Fig. 8, F-H) .
To distinguish between a migratory defect that was specifi c to the interaction with fi bronectin and a property of the cell that might be applicable to migration on a range of matrix ligands, we repeated the experiment with vitronectin-coated gold stripes. Despite migration on vitronectin being more intermittent, cells demonstrated the same ability to change direction on vitronectin as fi bronectin, with 53 ± 2% of wild-type cells but only 17 ± 2% of Y188L mutants making direct turns (Fig. 8,  I and J). These data demonstrate that although regulation of PKCα and Rac1 by syndecan-4 is not essential for migration itself, they are necessary for a cell to change direction in response to a matrix stimulus. As such, syndecan-4 appears to integrate bidirectional signaling because expression is necessary for restricted Rac1 activity and, consequently, persistent migration (C and D) or toward a corner, where they were forced to turn (F and G). Cells migrating along gold stripes coated with fi bronectin (E and H) or vitronectin (I and J) were scored for the ability to make direct, indirect, or no turn as they migrated past a junction (E and I) or toward a corner (H and J). 60 cells expressing wild-type (black bars) or Y188L mutant (white bars) syndecan-4 were tracked for each condition, and the experiment was repeated on three separate occasions. Error bars indicate the SEM, and asterisks indicate a signifi cant difference (*, P < 0.001).
(inside out; Fig. 9 B) , whereas ligand engagement drives the localized activation of Rac1 to determine the direction of migration (outside in; Fig. 9 C) .
Discussion
The major conclusions of this study are as follows: (1) engagement of syndecan-4 rather than integrin α 5 β 1 as previously assumed induces the wave of Rac1 activation observed during adhesion to fi bronectin; (2) although the engagement of syndecan-4 contributes toward the regulation of RhoA, it is not essential, indicating that Rac1 is the primary GTPase target of syndecan-4 signaling; (3) ligation of syndecan-4 with fi bronectin induces the localized activation of Rac1 in a PKCα-dependent manner; (4) syndecan-4 maintains persistent migration over a physiological matrix by limiting Rac1 activation to the leading edge; and (5) activation of Rac1 through the PKCα-binding site of syndecan-4 enables a cell to sense changes in matrix environment and determines the direction of migration. Collectively, these results identify syndecan-4 as a sensor of matrix topography that enables cells to reorganize their cytoskeleton and migrate in response to their adhesive environment.
The identifi cation of a transmembrane receptor that determines the direction and persistence of cell migration in response to matrix topography provides an insight into the mechanism of cell integration with the matrix environment. The concept that restricted GTPase activity determines migratory persistence has been explored previously (Wells et al., 2004; Pankov et al., 2005; Wheeler et al., 2006) . RNAi-mediated knockdown of Rac1 in cells plated on fi bronectin-coated plastic induced an increase in persistent migration by suppressing formation of the off-axial lamellae that were required to facilitate a change in direction (Pankov et al., 2005) . Similarly, disruption of Rac1 expression in macrophages reduced off-axial ruffl ing and contributed toward an increase in persistence but had no effect on migration velocity and inhibited the invasion of matrigel (Wells et al., 2004; Wheeler et al., 2006) . However, the transmembrane receptor responsible for Rac1 regulation has remained unclear, which is of great importance because effi cient migration toward a matrix cue requires not only Rac1 suppression to limit random protrusion but also the localized activation of Rac1 oriented toward exposed matrix fi bers. By modifying the engagement, expression, and signaling downstream of syndecan-4, we have achieved both the manipulation of localized Rac1 activity and the resultant migratory phenotypes, completing the chain from matrix stimulus to cell behavior.
The role of syndecan-4 in determining persistence raises questions regarding the contribution of integrins to cell migration, the simplest explanation being that integrins physically anchor cells to a substrate, whereas receptors such as syndecan-4 sample the environment and determine cell polarity. This appears not to be the case, as syndecan-4 ligands in isolation are incapable of initiating the activation of Rac1 or supporting cell adhesion (Fig. S2 A; Bass et al., 2007) , which hints at a close cooperation between the receptors. The majority of investigations into adhesion-dependent Rac1 regulation have used fi bronectin as the substrate or, at the very least, included syndecan-4 ligands in the form of serum. A more incisive study has shown that integrins make an important contribution to Rac1 regulation that is distinct from the effect of syndecan-4 on GTP loading (Del Pozo et al., 2004) . Clustering of integrin with an anti-β 1 antibody triggered the recruitment of Rac1 to the plasma membrane by reorganization of cholesterol into detergent-insoluble microdomains (Del Pozo et al., 2004) . Interestingly, the redis tribution of Rac1 was only seen in cells transfected with the constitutively active form of Rac1 or stimulated with serum, suggesting that GTP loading of Rac1 was necessary before it could be tethered to the membrane. These experiments can be reconciled to propose a mechanism by which syndecan-4 and integrin signals converge on Rac1, causing GTP loading and membrane recruitment, respectively, and culminate in the activation of membrane-associated effectors such as PAK (Del Pozo et al., 2000) .
Despite playing a seemingly indispensable role in adhesion complex formation and GTPase regulation, disruption of the syndecan-4 gene does not result in a lethal phenotype but rather a specifi c defect in wound healing (Echtermeyer et al., 2001) . It is likely that the regulators of migration during wound healing differ from those required for development, as cell migration depends on the careful balance of adhesive strength at an intermediate level (Zaman et al., 2006) , and the extent of cell (B and C) By constraining localized Rac1 activation to developing points of contact with the ECM (red), syndecan-4 coordinates migration along a fi bronectin fi bril. Consequently, wild-type fi broblasts migrate persistently over a meshwork of similar fi bers (B) but follow the dominant strand when presented with a choice of paths (C). In contrast, syndecan-4-null cells protrude in multiple directions, rendering progression ineffi cient, whereas mutants in the PKCα-binding motif fail to respond to changes in matrix organization or follow the optimal path. migration and proliferation differ considerably between a mature animal and the developing embryo. The concept of a matrix receptor that is specifi cally responsible for wound healing is supported by an evolutionary study that has distinguished higher functions such as infl ammation and immunity from the basic processes of organism development and identifi ed a large subset of molecules (including the duplicated syndecans) that are found only in vertebrates (Chakravarti and Adams, 2006) . In vivo analyses have revealed that disruption of syndecan-4 compromises the effi ciency of wound closure, which relies on cells sensing the tissue damage and subsequently polarizing and migrating toward it. The limited physiological defect of the null mouse may be representative of situations in which cells are suddenly presented with damaged matrix and are required to respond through localized signals and adhesion complex formation.
Our observations that syndecan-4 regulates migration through localized Rac1 activation and adhesion complex formation leads us to envisage the receptor as a molecular antenna responsible for the detection of exposed matrix. Modifi cation of the extracellular domain of syndecan-4 with highly fl exible glycosaminoglycan side chains make the receptor ideally suited to the detection of ligands that are dilute or distant from the membrane. A precedent for this type of role has been described through the study of leukocyte arrest in infl ammation (Simon and Green, 2005) . The polysaccharide chains of selectins bind weakly but with rapid on-rates to ligands exposed at sites of blood vessel injury and tether leukocytes to the vessel wall, an event that precedes the activation of integrins and migration of the leukocytes through the wounded endothelial layer. Syndecan-4 might fulfi ll a comparable role in a wounded dermis, in which expression is elevated after injury (Gallo et al., 1996) . Although the present study has been limited to migration on fi bronectin and vitronectin, the presence of heparin-binding motifs in all matrix molecules (Bass and Humphries, 2002) suggests that the infl uence of syndecan-4 may be more widespread. Adhesiondependent Rac1 regulation would be compounded by the critical contribution of syndecan-4 to FGF-2-stimulated migration, which has itself been implicated in injury response (Tkachenko et al., 2006) . The range of matrix and growth factor ligands of syndecan-4 would allow coordination of the promigratory signals resulting from vertebrate injury. Because it is inevitable that the ability of any particular cell to migrate into a wound will depend on its individual response to a simple chemical cue rather than a holistic response by the whole organism, such an understanding of the molecular mechanism of wound healing is of high importance.
Materials and methods
Antibodies and reagents
Mouse monoclonal antibodies raised against vinculin (Sigma-Aldrich), syndecan-4 (clone 5G9; Santa Cruz Biotechnology, Inc.), and Rac1 and Cdc42 (Becton Dickinson) were used according to the manufacturer's instructions. FITC-conjugated anti-mouse IgG was purchased from Jackson ImmunoResearch Laboratories, and AlexaFluor680-conjugated anti-mouse IgG and TRITC-conjugated phalloidin was obtained from Invitrogen. The EZ-Detect Rho activation kit was purchased from Perbio Science and used according to the manufacturer's instructions. Recombinant fi bronectin polypeptides encompassing type III repeats 6-10 (50K), 12-15 (H/0), and 12-14 substituted at the heparin-binding motifs (H/0-glycosaminoglycan) were expressed as recombinant polypeptides as described previously (Danen et al., 1995; Sharma et al., 1999) , and human plasma fi bronectin was purchased from Sigma-Aldrich. The plasmid encoding the GST-PAK-1 CRIB domain was a gift from K. Kaibuchi (Nagoya University School of Medicine, Nagoya, Japan), the Raichu-Rac probe was a gift from M. Matsuda (Research Institute for Microbial Diseases, Osaka University, Osaka, Japan), and the human syndecan-4 cDNA was a gift from G. David (University of Leuven, Leuven, Belgium).
Cell culture
Wild-type and syndecan-4 −/− mice (Ishiguro et al., 2000) were crossed with the Immorto mouse carrying the simian virus 40 large T antigen (SV40) under the control of the temperature-sensitive H-2K b -tsA58 promoter (Jat et al., 1991) . Primary fi broblasts were isolated from 13.5-d-old wildtype and syndecan-4 homozygous mutant embryos carrying at least one copy of the H-2K b -tsA58 transgene as described previously (Hogan, 1994) . Immortalization was achieved by ‫01ف‬ passages at the permissive temperature for large T expression (33°C) in DME (Sigma-Aldrich) supplemented with 10% FBS, 2 mM L-glutamine, and 20 U/ml IFN-γ (Sigma-Aldrich). The human syndecan-4 wild-type and Y188L mutant cDNAs were cloned into the retroviral vector pBabe Puro, transfected into AM-12 retroviral packaging cells, and syndecan-encoding virions were harvested to infect syndecan-4-null MEFs. Infected cells were subjected to two rounds of cell sorting to establish similar levels of syndecan-4 expression. Primary human foreskin fi broblasts (passage numbers 8-25) were cultured at 37°C in DME supplemented with 10% FBS, 4.5 g/liter glucose, 1 mM sodium pyruvate, 2 mM L-glutamine, 0.1 mM nonessential amino acids, MEM vitamins, and 20 μg/ml gentamycin. 1-2 d before each experiment, cells were passaged to ensure an active proliferative state.
Cell spreading and adhesion complex formation assays
For immunofl uorescence, 13-mm-diameter glass coverslips were derivatized for 30 min with 1 mM sulpho-m-maleimidobenzoyl-N-hydrosuccinimide ester (Perbio Science). For biochemical assays, 15-cm tissue culture-treated plastic dishes were coated directly with ligand. Coverslips or dishes were coated for 2 h at room temperature with 10 μg/ml fi bronectin polypeptides in Dulbecco's PBS containing calcium and magnesium (Biowhittaker UK) and blocked with 10 mg/ml of heat-denatured BSA for 30 min at room temperature. Equivalent ligand coating between glass and plastic was tested by ELISA using the antifi bronectin mAb 333 (Bass et al., 2007) . For experiments on defi ned ligands, cells were treated with 25 μg/ml cycloheximide (Sigma-Aldrich) for 2 h before detachment to prevent de novo matrix synthesis and were then detached with 0.5 mg/ml trypsin. Cells were resuspended in DME/25 mM Hepes and 25 μg/ml cycloheximide, plated at a density of 1.25 × 10 4 cells per coverslip or 4 × 10 6 cells per dish, and allowed to spread at 37°C for 2 h for H/0 stimulation experiments or for appropriate time periods for spreading assays. Prespread cells were stimulated with 10 μg/ml H/0, 5G9 antisyndecan-4 antibody (1:50 dilution), or 40 nM PDGF-BB (Sigma-Aldrich) for 0-60 min before fi xing or preparing lysates. For immunofl uorescence, cells were fi xed with 4% (wt/vol) PFA, permeabilized with 0.5% (wt/vol) Triton X-100 diluted in PBS − , and blocked with 3% (wt/vol) BSA in PBS. Fixed cells were stained for vinculin and actin, mounted in ProLong Antifade (Invitrogen), and photographed on a microscope (Deltavision RT; Olympus) using a 100× NA 1.35 UPlanApo objective and camera (CH350; Photometrics). Images were compiled and analyzed using ImageJ software (National Institutes of Health). The total area of adhesion complexes per cell was calculated by recording the area of fl uorescence intensity above an empirically determined threshold after rolling ball background subtraction. The same threshold was used for all conditions within a single experiment.
GTPase activation assays
Active Rac1 and Cdc42 were affi nity purifi ed from lysates prepared in 20 mM Hepes, pH 7.4, 10% (vol/vol) glycerol, 140 mM NaCl, 1% (vol/vol) NP-40, 0.5% (wt/vol) sodium deoxycholate, 4 mM EGTA, 4 mM EDTA, 1 mM AEBSF, 50 μg/ml aprotinin, and 100 μg/ml leupeptin using 300 μg GST-PAK CRIB domain immobilized on agarose beads. Active GTPase was eluted in SDS sample buffer, resolved by SDS-PAGE, and transferred to nitrocellulose. Transferred proteins were detected using the Odyssey Western blotting fl uorescent detection system (LI-COR Biosciences). This involved blocking the membranes with blocking buffer (LI-COR Biosciences) and incubating with the primary antibodies diluted 1:1,000 in blocking buffer and 0.1% (vol/vol) Tween 20. Membranes were washed with PBS and 0.1% (vol/vol) Tween 20 and incubated with AlexaFluor680-conjugated anti-mouse IgG diluted 1:5,000 in blocking buffer and 0.1% (vol/vol) Tween 20. After rinsing the membrane, proteins were detected using an infrared imaging system that allowed both an image of the membrane and an accurate count of bound protein to be recorded. For all experiments, equivalent loading between time points was confi rmed by blotting the crude lysate for both vinculin and total GTPase. The signifi cance of changes in GTPase activity was established using paired t tests of normally distributed small samples (n = 4-7).
RNAi knockdown of PKC
An siRNA duplex of sequence (sense) G A A G G G U U C U C G U A U G U C A U U (with ON TARGET modifi cation for enhanced specifi city) and an siGLO nontargeting control duplex were purchased from Dharmacon. 0.8 nmol of oligonucleotide was transfected into a 90% confl uent 75-cm 2 fl ask of wild-type MEFs using LipofectAMINE 2000 reagent (Invitrogen). After 24 h, the cells were passaged and used for experiments after a further 24 h. Expression of PKC isoforms was tested using mouse monoclonal antibodies (BD Biosciences).
Generation of cell-derived matrices
Glass coverslips were coated with 0.2% sterile gelatin for 60 min at 37°C, cross-linked with 1% glutaraldehyde, and quenched with 1 M glycine. After equilibration with growth media, wells were seeded with primary fi broblasts at 50,000 cells/ml and cultured for 8 d, changing the media every other day for fresh media containing 50 μg/ml ascorbic acid to stabilize matrix fi brils. Mature matrices were denuded of fi broblasts by lysis with 20 mM NH 4 OH, 0.5% (vol/vol) Triton X-100, and PBS − followed by a 30-min digestion with 10 μg/ml DNase I (Roche Diagnostics) in Dulbecco's PBS containing calcium and magnesium. Analysis of denuded matrix by liquid chromatography tandem mass spectrometry revealed the major components of the cell-derived matrix to be fi bronectin and collagen.
Generation of micropatterned fi bronectin substrates
Glass coverslips were coated with positive photoresist AR-P 5350 (MicroChemicals GmbH) and overlaid with a master mask to preserve photoresist in areas to be blocked. Exposed photoresist was solubilized in alkaline developer AR300-35 (MicroChemicals GmbH) after exposure to an Hg lamp, and the mask was removed, leaving photoresist-free stripes on the blocked glass surface. The coverslip was sputtered with 3-nm titanium and 10-nm gold before washing gold from the photoresist-blocked areas with acetone. To prevent cell attachment outside of the gold stripes, the coverslips were chemically activated with H 2 SO 4 /H 2 O 2 = 1:1 and passivated under nitrogen atmosphere in a dry toluene solution containing 1 mM linear polyethylene glycol (CH3-[O-CH2-CH2]17-NH-CO-NH-CH2-CH2-CH2-Si[Oet]3). The coverslips were washed with ethyl acetate and methanol to remove noncovalently linked molecules, and the derivatized gold stripes were coated with 10 μg/ml fi bronectin or vitronectin in PBS for 1 h. Homogeneous ligand coating of gold stripes was confi rmed by immunofl uorescence.
Cell migration
MEFs were seeded at 5,000 cells/ml and allowed to spread for 6 h on cell-derived matrix or for 2 h on micropatterned matrices before capturing time-lapse images at 10-min intervals for 10 h on a microscope (AS MDW; Leica) using a 5× NA 0.15 fl uotar objective and camera (CoolSNAP HQ; Photometrics). For analysis of cell-derived matrices, the migration paths of all nondividing, nonclustered cells were tracked using ImageJ software, and persistence was determined by dividing linear displacement of a cell over 10 h by the total distance migrated. For analysis of micropatterned matrices, cells that failed to make contact with the junction were excluded from the analysis. The signifi cance of changes in persistence and the ability to make turns was tested using a z test to allow for large sample size (n = 35) and nonnormal distribution of values.
FRET analysis of Rac activity
MEFs were transfected with plasmid encoding the Raichu Rac probe (Itoh et al., 2002) using FuGENE 6 (Roche Diagnostics) and plated onto cellderived matrices 24 h after transfection using the same method as for migration studies. Fixed cells were photographed on a microscope (Deltavision RT; Olympus) using a 40× NA 1.35 UApo objective and camera (CH350; Photometrics), capturing images through CFP and YFP fi lters upon excitation through the CFP channel. After background subtraction, relative distribution of FRET across the cell was calculated by dividing the YFP by the CFP-fi ltered emissions using ImageJ software. Fig. S1 shows fl ow cytometric analysis of integrin and syndecan expression in transgenic cell lines. Fig. S2 describes the regulation of Rac1 in response to a syndecan-4 ligand when wild-ype MEFs are in suspension and the regulation of Rac1 in response to PDGF in adherent wild-ype or syndecan-4-null MEFs. Fig. S3 shows vinculin recruitment to areas of close proximity between membrane and substrate in cells expressing Y188L mutant syndecan-4. All videos show time-lapse recordings at 10-min intervals using a 5× lens over a duration of 10 (Videos 1-4) or 5 h (Videos 5-7). Videos 1-4 depict the migration over a cell-derived matrix of wild-type MEFs (Video 1), syndecan-4-null MEFs (Video 2), syndecan-4-null MEFs expressing wild-type human syndecan-4 (Video 3), and syndecan-4-null MEFs expressing Y188L human syndecan-4 (PKCα-binding mutant; Video 4). Videos 5-7 depict the migration over fi bronectincoated gold stripes of syndecan-4-null MEFs (Video 5), syndecan-4-null MEFs expressing wild-type human syndecan-4 (Video 6), and syndecan-4-null MEFs expressing Y188L human syndecan-4 (PKCα-binding mutant; Video 7). Online supplemental material is available at http://www.jcb.org/ cgi/content/full/jcb.200610076/DC1. 
Online supplemental material
